We investigate the local structural heterogeneities that may appear in liquid water by studying a model of interacting water pentamers. We find local energy minima which we identify with well-defined configurations, and advance the hypothesis that one of these configurations may be related to local ''high-density'' structural heterogeneities occurring in liquid water when subjected to high pressure. Our results are consistent with experimental data on the effect of high pressure on the radial distribution function, and are further tested by molecular dynamics simulations reported here. q
Walrafen pointed out that a wide range of experimental data are consistent with the possibility that each water molecule typically has four hydrogen bonds -giving rise to a pronounced peak in the oxygen-oxygen radial distribution function at about wx 2.8 A, the nearest-neighbor distance 1-6 . Further, Walrafen noted that on time scales less than the lifetime of a hydrogen bond, he could identify a structural heterogeneity consisting of a water molecule and its four hydrogen bonded neighborsa structure called the Walrafen pentamer. Using this pentamer as the basic unit, Walrafen described many wx features of the Raman spectra of water 1-6 . Ohtomo et al. showed that a combined analysis of X-ray and neutron diffraction data also suggests the presence of wx tetrahedral pentamer clusters 7 . More recently Kar- maker and Joarder reproduced the radial distribution function of liquid water at room temperature using wx pentamers as the basic structural unit 8 .
In this Letter, we investigate local structural heterogeneities in water by considering the interaction between pentamers, defined as a rigid structure composed of four water molecules located at the corners of a regular tetrahedron and hydrogen-bonded to a central molecule, with each O-O-O angle fixed at the tetrahedral value of 109.478. The corner molecules are separated from the central molecule bẙ 2.8 A, corresponding to the first peak in the Ž. oxygen-oxygen radial distribution function gr OO wx 2 9. 2 We present a definition of an ideal pentamer structure for the purposes of our model. In liquid water, one should allow reasonable flexibility in the bonding length and angle when identifying pentamer structures.
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Ž. PII: S 0 0 0 9 -2 6 1 4 9 8 0 0 8 2 8 -8 Table 1 .
We consider two types of pentamer-pentamer interaction; a strong hydrogen bonding interaction between neighboring pentamers and a much weaker Lennard-Jones interaction between oxygens in different pentamers. Neighboring pentamers may be connected by three, two, one, hydrogen bonds or not Ž. connected by hydrogen bonds Fig. 1 . Configura-Ž. Ž. tions a and b in Fig. 1 are rigid and are local Ž minima of the energy because of the hydrogen . bonds . We identify the most energetically favorable ŽŽ . configurations with one and zero bonds Fig. 1 c Ž. . and 1 d , by minimizing the potential energy between two pentamers 3 , assuming that all non-hydrogen-bonded molecules of different pentamers a and b have interactions much weaker than the hydrogen bond strength. We model the interactions that are not due to hydrogen bonding as
Here r and r are the coordinates of the oxygens of pentamers a and b ; the oxygens interact by a Ž. Lennard-Jones potential Ur . For the Lennard-LJ Jones parameters s and e , we use the values of the ST2 model of water 4 . We notice that a liquid with a prevalence of Ž. configuration d will have a higher density than a Ž. Ž. liquid with an abundance of configurations a , b or Ž. c,since the distance between the pentamer centers Ž. is decreased in configuration d compared to the Ž. other configurations column 3 of Table 1 . Hence when pressure increases, we expect the number of Ž non-hydrogen-bonded pentamers high density struc-Ž. . tural heterogeneities of Fig. 1 d to increase and the Ž number of bonded pentamers low-density structural Ž. Ž. . heterogeneities Fig. 1 a , b to decrease.
The configurations with triply-and doubly-bonded ŽŽ . Ž . . . non-hydrogen-bonded pentamers Fig. 1 d is not unlike the local structure found in ice VI and ice VII, which are characterized by interpenetrating tetrahedra. It has been shown by MD simulations of water that under high pressure an interpenetrating network of hydrogen bonds forms, resembling ice VII strucwx ture 13,14 , and that the distance between nearest neighbors does not change while the second-neighwx bor distance becomes smaller 13-18 .
Experimental evidence for the possible existence of high-density structural heterogeneities similar to Ž the structure of ice VI and therefore consistent with the possible existence of high-density hetero-. geneities has been found in high pressure measurements of the pair correlation function along paths wx such as that indicated in Fig. 2 19,20 . We therefore carry out MD simulations of liquid water following the same path. We simulate three state points at pressures P sy2,1, and 6 kbar and temperature 10 K above the temperature of maximum density 4F Table 1 Ž. Properties of each configuration shown in Fig. 1 ; here nr denotes the number of molecules separated by a distance r.
Configuration
Inter Ž. 6 Ž. TMD . We observe the same changes in gr OO as seen experimentally: as pressure increases, an Ž. increase in the 3.4 A Fig. 3 peak and a decrease inẘ x the peaks at 2.8 A and 4.5 A occurs 19,20 . The distance 3.4 A corresponds to the second neighbor Ž.Ž . distance in the configuration of Fig. 1 Fig. 1 b . 6 We simulate 8000 water molecules interacting via the ex-Ž. wx tended simple point charge model SPCrE 21 . We control wx temperature and pressure using the methods of Ref. 22 . Long range interactions are accounted for by the reaction-field techwx nique with a cutoff at 7.9 A 23 . Temperature is given relative to the TMD at atmospheric pressure, which is known to be approxi-Ž wx . mately 245K for SPCrE see Ref. 24-26 . Fig. 3 . The oxygen-oxygen radial distribution function for the three state points for which we carried out MD simulations. The temperature for the three state points simulated is 10 K above the Ž. TMD see footnote 6 . When pressure increases, the configuration Ž. of Fig. 1 d is favored, as it has the smallest center-to-center Ž. Ž . separation Table 1 , so the value of gr decreases for r f OO˚Ž 2.8A and r f 4.5 A, and increases for r f 3.4 A consistent with . the last three columns of Table 1 .
It has been found that near a melting line, local structural heterogeneities are present in the liquid phase -with a typical diameter of a few atoms -in which the local order is not unlike the local order of wx 7 the solid phase 27-29 . Since H O has more than 2 one crystalline phase; we expect then the local structure of the liquid to change upon pressure from resembling the low-density solid phase to resemble the high-density one.
In summary, we found that a highly simplified model of water based on water pentamers in a 7 Ž. Locally-structured regions are shown in, e.g., Fig. 2 
